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RADIATIOM DAMAGE IN FRONT AND BACK 
llLUMlNiniP HIGH SIliTOh SOlft^ CELLS 


1. Weinberg. C. Goradia*. 

C. K. Swartz and H, W. Brandhorst, Jr. 


National Aeronautics and Space Adninlstration 
Lewis Research Center 
Cleveland. Ohio. U.S.A. 


ABSTRACT 

Radiation Induced degradation, in front and 
back illuminated 84 and 1250 ohm-cm n'*'pp‘*^ 
silicon solar cells, was determined and cell 
performance interpreted using calculated 

optically injected charge distributions and cell 
voltage components. The 34 ohm-cm cell degraded 
less when illuminated from the front or n"^ 
side compared to that when illuminated from the 
back or p'^ side. On the other hand, the 1250 
ohm-cm cell degraded less when back 

illuminated. It was concluded that, in addition 
to the usual mechanisms leading to o€-"reased 
collection efficiencies, loss of conductivity 
modulation is a major cause of radiation damage 
in high resistivity silicon solar cells. These 
results suggest that radiation damage to high 
resistivity n'*^pp'*^ cells can be decreased by 
increasing cell collection efficiency and 
illuminating the cells from the p'*' side. 

I. INTRODUCTION 

Previous results on high base resistivity 
n'*'pp'*‘ silicon solar cells indicate that, 
countrary to expectations, their radiation 
tolerance decreases as base resistivity 
increases (1). It has also been observed that 
for unirradiated high resistivity cells with 
front and back gridded contacts, superior 
performance is obtained when the cells are 
illuminated from the back or p”*” side (2). Tn 
order to determine if this tendency continues 
under irradiation, thus resulting in increased 
radiation tolerance, we have determined the 
performance of 84 ohm-cm and 1250 ohm-cm 

n'^^pp^ solar cells under both front (n*** 
side) and back (p*^ side) illumination, after 1 
MeV electron irradiation. An additional 
objective is to determine, using an analytical 
model (3), the processes occuring in the solar 
cells that contribute to the observed radiation 
Induced degradation. 
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II. EXPERIMENTAL PROCEDURES 

The n'^pp'* cells with boron-doped silicon 
base resistivities of 84 and 1250 ohm-cm were 
fabricated by the Comsat Corporation (2). Cell 
dimensions were 2X2 cm, and the thickness was 
250 micrometers. The n*^ region was formed by 
phosphorus diffusion while the p”*^ region was 
formed by boron diffusion using a spin-on 
dopant. Grid contacts were applied to both the 
front amd back of the cells using chromium, gold 
and silver as the contact metals. A tantalum 
pentoxide anti-reflection coating was applied tc 
both sides of the cells. Irradiation was by 1 
MeV electrons to a fluence of 

Solar cell performance parameters w^re measured 
before irradiation and at each step in the 
irradiation process using a Xenon-arc AMO solar 
simulator. 

III. EXPERIMENTAL RESULTS 

Performance parameters for both 

resistivities are shown in tables I and II. 
Normalized maximum power as a function of 

fluence is shown in figure 1 while figures 
2,3,4, and 5 are current-voltage curves, at 

different fluences, for both front and back 

Illumination. Figure 1 and tables I and II 
clearly show that Pmax of the 84 ohm-cm cell 
degrades much less when front Illuminated than 

when back illuminated. On the other hand, Pmax 
for the 1250 ohm-cm cell, over most of the 
fluence range degrades less when back 
illuminated. The greatest loss in fill factor 
is observed for the 12h0 ohm-cm front 

illuminated cell. In both cells, the fill 

factor for front illumination is less than that 
obtained for back illumination. Short circuit 

current for botn cells degrades more when back 
i 1 lu''inated. Voc degradation is greater for the 
back illuminated 84 ohm-cm cell when compared to 
front illuminated the reverse being observed for 
the 1250 ohm-cm cells. The most significant 
behavior to emerge from these data is the fact 
that Pmax for the 1250 ohm-cm cell degrades less 
when the cell is back illuminated. 

IV, ANALYSIS AND OISCUSSKiN 

To interpret these data, we use our 
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previously developed dnalytical model which Is 
valid for both low and high injection (3). The 
model takes into account non-uniform optical 
carrier generation* band gap narrowing, 
generation and recombination in the n^p space 
charge region, wavelength dependent reflection 
coefficients and ohmic and Dember voltage 
contributions in the base region (3). In the 
present case, the model was modified to more 
accurately take into account band gap narrowing 
in the heavily doped n"*^ and regions 

resulting in longer diffusion lengths than those 
reported in reference 3. As before, only two 
parameters were varied; the front surface 
recaibination velocity was varied until a 
reasonably good fit was obtained to "he measured 
optical response in the violet and blue range of 
the sunlight spectrum (0.35uM<x<0.45uM), and the 
base diffusion length was varied until the 
calculated Voc matched the measured Voc. The 

calculated diffusion lengths are shown in table 
III. 

It has been shown that the injected charge 
distribution and the components of cell voltage 
are significant in determining the behavior of 
solar cells under high injection (1,4). We, 
therefore, calculated these quantities for jse 
in interpreting the present data. The results 
for the injected base minority carriers at Pmax, 
the cells maximum power point, are shown in 
figures 6 and 7. 

The components of the cell output voltage 
'^TOT given by the expression. 

VtOT = Vji+Vj2+VotM“VoHM-I«s (1) 

Where Vji is the front junction (n'*‘p) 
voltage, Vj 2 is the back junction (p'*’p) 
voltage, Vq^M ^s the Dember potential, Vqhm 
is the ohmic voltage r:rop in the cell's base 
region and IRs >s the voltage drop due to ohmic 
cc.nponents other than those in the base region. 
'^OEM positive or negative depending on 

whether the cell is back or front illuminated 
respectively. The voltage components at Fmax 
are shown in figures 8 through ii. 

D iscussion of BOL Data For 84 ohm-cm Cell 

Isc : Since most of the photogenerated 

earners n silicon are generated within about 
20 uM of Che illuminated surface, the injected 
minority carrier density at the back is greater 
for back illumination than for front 

illumination (fig. 6). Hence, because of the 
distance of most carriers from the front 
junction, one would expect a reduced amount of 
carrier collection for oack illumination, even 
at BOL where the diffusion length is larger than 
the base width. Thus at BOL, Isc is smaller for 
back illumination than for front 11 1 umlnatlon . 

Voc : It is easy to see that Vqhm and IRs 

are zero under open circuit conditions. 
Although calculated values of the remaining 
voltage components at Voc have net been 


presented in this paper, they follow the 
i.endencies shown at Pmax. Summarizing their 

’aehavior at Voc and at BOL the Dember voltage is 
found to be a few millivolts positive for back 
ilUmination and a few millivolts negative for 
front illumination while Vj2 is higher for 
back illumination. The increase in Vj 2 and 
Vd£m are greater than the decrease noted for 
Vji in back illumination. Hence Voc is 
greater for back Illumination than for front 
illumination. 

Fill Factor : The fill factor can be 

expressed as 

Fill Factor = (CF)X(VF) (2) 

Where CF, the current factor » Imax and VF the 

Isc 

voltage factor » Vmax. Imax and Vmax are cell 
Voc 

output current and voltage respectively at the 
maximum power point. Considering the voltage 
factor, we note from figures 8 and 9 that at BOL 
both VOHM and IRs, are about the same for front 
and back illumination while both Vr)£M and 
Vj 2 are greater for back illumination. The 

increase in these latter two quantities is due 
to the increased injected carrier density, at 
the back when back illuminated. H*»nce although 
(Vji)f > {Vji)b we have (Vmaxjg > 

{Vmax)p. T'tus, altnough (Voc)b>(Voc)f, 
the net result is an increase in the voltage 
factor for back illumination. With respect to 
the current factor, from figures 2 and 3 and 
table 1 we have (Imax)p>(Imax)g and 

(Isc)f>( 

Isc)g due to loss in collection 
effi^'^ocy when back illuminated. However, the 
smaller L<»crease in (Imax)B is offset by the 
larger decrease in (Isc)g and the curve factor 
increases for back illumination. The net result 
is an increased fill factor when back 

i I luminated. 

Fmax : We note from table I that f’max Is 

s 1 i ghriy higher for back illumination. We 
attribute this to the increased value of cell 

output voltage which is due to an increase In 
Vj 2 and Vpp- when back illuminated. Hence 

at BOL, the small increase in Pmax for back 
illumination is attributed to the increased 
injected carrier concentration at the back 
surface which is responsible for the increase in 
Vqem Vj2. 

Discussion of BOL Data for the 1250 ohm-cm Cell 

Isc: We note for this cell that (Isc)b> 

( I sc)pT This is opposite to the behavior 

Observed for the 84 ohm-cm cell. It also 

disagrees with the BOL data in reference 2. The 
discrepency could be due to the fact that the 
short circuit current does not equal t^ light 
generated current due to the poor fill factor. 
Taking the I-V data to sufficiently h'gh 
negative voltages might resolve the 
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discrepancy. Jiowever, th Is rarely done and 

has not been done in the o sent case. 

Voc: For this cell i 80L, we again have 

(VocT^(Voc)f. The exp '.nation given for 
this in the case of the 8 ohm-cm cell applies 
to the 1250 ohnv-ctn cell; c. the increase in 

Voc for back illuminatio is attributed to 
increases in Vj2 and VQF^ which in turn are 

attributed to the icreased carrier 

concentration at the rear of «.he cell. 

Fill Factor: Although, from figures 4 and 

5, we have for this cell (Isc)b> (Isc)p at 
BOL* the current at Pmax is sufficiently high in 
back illumination that the current factor is 
greater. The voltage factor increase in back 
illumination for the same reasons given the 
case of the 84 ohm-cm cell. Thus since both 
current and voltage factors increase, the fill 
factor is greater in back illumination. 

Pmax : The difference in Pmax between front 

and back illumination is markedly greater for 
the 1250 ohm-cm cell than for the 84 ohm-cm 
cell. We attribute this principally to the 
increase in cell current under barx 
illumination. Since the ohmic components are 
almost equal at BOL the difference must be due 
to the increased magnitude of diffusion length 
at BOL for back illumination of the higher 

resistivity cell. 

Discussion of i^adiation Damage Tata 

The observed radiation induced degradation 
can be explained on the basis that there are two 
mechanisms causing cell degradation. The first 
mechanism is that involved in the traditional 

explanation that diffusion length and thus 
minority carrier lifetime, decreases with 
increased fluence. Tnis reduction in diffusion 
length results in a reduced collection 
efficiency for the photogenerated minority 
carriers. The second mechanism is a consequence 
of the first where, as diffusion length 
decreases, the ohmic voltage drop in the base 
region increases because an increasing fraction 
of the base region loses conductivity modulation 
(1,4). In addition, a large ohmic drop can 

severely degrade the fill factor (4). This is 
well illustrated in the I-V curve o/ the 1250 
ohm-cm front illuminated cell in figure 4. 

Radiation Damage in the 84 ohm-cm Ce ll 

Isc: We note from table I that Isc degrades 

drastically for back Illumination. This is a 

direct result of the loss in collection 

efficiency due to the high carrier concentration 
at the back surface and the decrease in 
diffusicn length to the point where it becomes 
less than the base width. 

Voc: Although (Voc)g degrades more than 

(VocT?~ fbe drop in Voc is not as drastic as 
that observed for (Iscjg. Here the dominant 
factor is the much smaller drop in (Vji)p 


with fluence as seen in figures 8 and 9. 

Fill Factor : The fill factors do not change 

si^ifTcantly (compared to the other cel i 
parameters) throughout the fluence range. This 
Indicates that the ohmic component, although 
non-trivial in forward illumination, is not the 
dominant factor it tends to be for the 1250 
ohm-cm cell. 

Pmax : The severe degradation in Pmax for 
back TTlumination is attributed to loss in 
collection efficiency due to the decrease in 
diffusion length (table III). The low ohmic 
component indicates that it is not a significant 
factor in the degradation observed with back 
illumination. 

Radiaton Damage in the 1250 ohm-cm Cell 

Isc : (Isc)b is comparable to (I$c)f up 

to a fluence of 10^^/cm2 after which it 
degrades such that (1 sc)b<(Isc)f. The 
degradation in Isc is largely due to the large 
ohmic drop which is dominant in front 
illumination (figure 10). In back illumination, 
the ohmic cof^onent is smaller and loss in 
colle tion efficiency becomes a major factor, 

Voc : Throughout the fluence range, (Voc)g 

is consistently greater than (Vocjp. ^his is 
due principally to the larger values for Vj2 
and VoEi^i in back illumination. These tend to 
compensate the decreased values of Vji in back 
i 1 lumination. 

Fill Factor ; The fill factor decreases 
drastically fn~ forward illumination while the 
change is relatively small in back illumination 
(figures 4 and 5). This is due principally to 
the large ohmic drop, under forward 
illumination, which occurs uue to loss of 
conductivity modulation (4). From figures 10 
and 11 it is seen that the ohmic component is 
much larger in front illumination. l-rom the 
charge distribution (figure 7) the injected 
charge is higher in most of the base in back 
illumination. This portion being in high 
injection results in a reduced ohmic component 
under back illumination. 

Pmax : In this case (Pmax)B > (Pmdx)^ 

over most of the fluence range. This is 
opposite to the behavior observed foi the lower 
resistivity cell. In forward illumination, the 
ohmic component dominates due to loss of 
conductivity m:)dulation (figure 10). In back 
illumination, due to the high integrated charge 
density, the ohmic component is lower and 
collection efficiency becomes a significant 
factor (figures 7 and 11). We attribute the 
improved performance in back illumination to the 
decreased ohmic component which ic no longer a 
dominant component in cell degradation. Since 
collection efficiency is a major factor in back 
illumination it would appear that improved 
performance under irradiation could be achieved 
by using oack illumination and improving base 
diffusion length. 
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V. SUMMARY AND CONCLUSIONS 

We have analyzed the performance under I MeV 
electron irradiation, of front and back 
illuminated high base resistivity n^pp* 
silicon solar cells. The major conclusions, for 
the 84 and 1250 ohm-cm cells investigated, are: 

1. For high resistivity n'*‘pp'*‘ silicon 
cells, there are 2 mechanisms leading to 
radiation induced degradation. The first is 
a decrease in collection efficiency due to 
decreases diffusion length while the 
second is the ohmic voltage drop in the base 
due to loss of conductivity modulation. 
This latter mechanism becomes more severe as 
base diffusion length decreases and ceil 
base resistivity increases. 

2. Under back illumination, the magnitude of 
the base ohmic voltage drop decreases when 
compared to its magnitude under front 
illumination, 

3. The increased concentration of optically 
injected carriers at the p+p junction when 
back illuminated, increases the significance 
of loss in collection efficiency as a factor 
in cell degradatic i 

4. The 84 ohm-cm ce'»l degraded more in Pmax 

under * back illumination. This poor 
performance i: attributed primarily to a 

loss in collection efficiency when 
irradiated by IMeV electrons. 

5. The most significant experimental result 
obtained in this work is the observation for 
the radiation damaged 1250 ohm-cm cells, 
that cell output increased when back 
illuminated. The principal cause of 
radiation induced degradation when front 
illuminated is loss of conductivity 


modulation coupled with the cells' high base 
resistivity. Under back illumination, the 
cell's ohmic voltage component decreases and 
loss in collection efficiency becomes a 
major factor in cell degradation. 

6. These results suggest that the radiation 
resistance of high resistivity n'*'pp'*^ 
cells can be increased by illuminating the 
cells from the p'*' side and increasing 
collection efficiency. 
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TABLE I. - PERFORNAKE RARANETERS FOR FRORT ANU BACK lUUNINATtO 
84 eh»^ SOUR CELLS 


1 Hev «ltctron 
f lutince 



table II. - PERFORHANCE PARAMETERS FOR FRONT AND BACK ILLUHIHATEO 
lESO on»<a SOLAR CELLS 


I I HeV electron 
fluence 


'sc- 

laA 

i 

''oc> 

Wtf 

F.F., 

percent 

1 

Front 

Back 

1 

Front 

Back 

Front Back 

Front 

142.7 

147.5 

550 

561 

63.4 71.2 

49.8 

138.5 

142.4 

528 

539 

60.8 69.9 

44.4 

132.3 

134.3 

506 

519 

54.5 67.7 

36.5 

116.8 

ill 

470 

490 

45.1 66.1 

24,7 

:^6.1 

68.4 

430 

457 

36.8 64.9 

15.2 

68.6 

20.2 

380 

411 

30.3 65.2 

7.9 


TABLE III. - CALCULATED DIFFUSION LENGTHS 


Leli Diffusion length (um) 

resistivity Fluence Front Back 

(ohnv-cffi) (car2) illumination illuminaiion 


I 0 

1 

450 

480 

3xl0l'J 

?17 

260 

3«10l< 

122 

110 

loli> 

94 

70 

0 

405 

470 

3*10^3 

215 

220 

3*10l^ 

105 

' 147 

10l5 

87 

94 
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Figure L - Normelized maximum power of high resistiv- 
ity celts iliuminalBd from the front and the 
back after irradiation by 1 MeV electrons. 



Figured -Current-voltage curves MOHM-cm, front 
Illuminated. 

















